Photodynamic therapy (PDT) is a promising treatment modality for the management of malignant diseases. However, general acceptance of PDT has been hampered due to the limited tissue penetration of light and unavailability of suitable photosensitizers (PSs). The innovative combination of the conventional radiotherapy (RT) with PDT might reduce the unacceptable normal tissue toxicity while maintaining the desired tumor suppression effect. There have been a number of attempts to examine the interaction of PDT and RT; however, the previous results presented are ambiguous. The exact mechanisms for the variable responses of diverse panel of cell lines to the combination therapeutic regimen are still unclear. Novel ways are being explored to overcome the weaknesses of the conventional PDT and RT treatment regimen. The novel application to enable PDT of deep cancers is the utilization of scintillating nanoparticles as an intracellular light source for PDT activation. Upon simulation by X-rays, the nanoparticles emit scintillation or persistent luminescence to activate the PS to generate singlet oxygen. For future clinical applications, several questions are worthy of further elucidation, including the specific light dose, PS dose, radiation dose, the risk of complications, and the accurate time interval between administration of PDT and administration of RT.
Introduction
Radiation therapy (RT) has traditionally been one of the most common and efficient treatments of cancer and other diseases with ionizing radiation. RT causes lethal damage to disease cells by damaging the cellular DNA. Undifferentiated tumor cells are considered more susceptible to RT as they have a diminished ability to repair sublethal DNA damage [1] . A malignant cell's ability to repair radiation-induced DNA damage leads to a radioresistant phenotype. Besides, radiosensitivity also depends on the phase of the cell cycle at the time of irradiation. It is suggested that tumor cells in G1/S phases of the cell cycle are three times more radioresistant than those in G2/M phases [2] .
The last several decades have witnessed substantial technological and methodological improvements of RT. It is worth noting that the advent of nanoscale technologies has encouraged the development of strategies to improve RT outcomes. For example, a peptide (HVGGSSV) bound liposome-encapsulated doxorubicin can bind specifically to irradiated tumors; hence, nanoparticle bound chemotherapy can be "guided" to tumor targets [3] . Besides, nanoparticle bound chemotherapy such as liposomal doxorubicin and nano-albumin bound paclitaxel may greatly reduce RT doses required to achieve tumor control [4] . The use of high-atomic number element nanoparticles as radiosensitizers is another extremely attractive approach on the horizon [5] . However, RT is still limited by unacceptable normal tissue toxicity in some cases. The dose is a critical issue because it increases the likelihood of damaging normal tissue surrounding the cancer. The ultimate goal of RT is to increase dose to the tumor while sparing normal tissue, thus improving the therapeutic ratio and reducing the side effects [6] . Nowadays, improving the clinical benefit of RT has been a long-standing goal in clinical cancer research.
Photodynamic therapy (PDT) has emerged as a promising alternative clinical treatment for the management of malignant diseases [7] . PDT involves the administration of photosensitizers (PSs) followed by illumination of the tumor with a localized energy source to activate the specific PS. Figure 1 illustrates several different pathways that lead to the biological effects when a PS is activated. Direct destruction of tumor cells, damage to the vasculature, and triggering of an antitumor immune response are three important cell death mechanisms in PDT [7] . The efficacy of PDT in the treatment of cancer is dependent on all these mechanisms and the relative contribution of each depends on the treatment regimen given [8] . PDT has attracted ever-growing attention because it combines two essentially harmless components (PS and visible light) to produce cytotoxic singlet oxygen that results in damage to cell membrane structures, microvascular ischaemia, and tissue necrosis [9] . Furthermore, due to the ability to preserve the anatomic and functional integrity of many organs, ease of application, selective targeting, and no drug resistance, PDT is a minimally invasive alternative for surgery or radiation [10] . Three parameters (light, PSs, and oxygen) determine the treatment outcome of PDT. Drug uptake and the dose of light depend on the tissue type; the level of oxygen is highly influenced by the initial tissue oxygenation and the rate of oxygen depletion, which changes as a result of PDT-induced hypoxia through vascular collapse [11] . Numerous clinical trials of PDT have been conducted and PDT is used with increasing frequency in a variety of cancers, such as bladder, skin, lung, esophagus, and cervix [12] . For the PDT to work properly, visible light must be effectively delivered to the PSs to excite them. However, most existing PSs are activated at the wavelength range 630-690 nm, at which the tissue penetration depth of light is only 2-4 mm [13] . As a consequence, poor tissue penetrating ability of light limits PDT applications to treating superficial lesions (e.g., skin cancer) [14] . To address light penetration issues, long wavelength light sources are often used. Unfortunately, this can come as a tradeoff with excitation losses due to poor overlap with absorption spectra [15] .
A wide variety of PSs have been developed and tested for PDT. Approved PDT drugs for oncological indications are listed in Table 1 . First-generation PSs are hematoporphyrin, its derivative (HpD), and the purified, commercially available Photofrin (Quadra Logic Technologies, Vancouver, Canada). Although the first-generation PSs have been shown to be efficacious in the treatment of many cancer types, these drugs are plagued with a uniformly high level of induced cutaneous phototoxicity and increased risk of sunburns. Phototoxic incidences of 20-40% have been reported during follow-up of patients having received Photofrin [16] . In addition, tumor size is another factor to determine the efficacy of PDT with Photofrin. It is reported that the response rate falls from 98% to 43% when the tumor is larger than 10 mm in diameter [17] . Recently, considerable efforts have been devoted to search for more tumor-selective photosensitizing agents with reduced side effects, called second-generation PSs. Most of the second-generation PSs are cyclic tetrapyrroles, including porphyrin and chlorin derivatives, phthalocyanines, and bacteriochlorins ( Figure 2 ). While second-generation sensitizers are often totally synthetic, with perhaps a greater ability to generate singlet oxygen, they also have severe drawbacks. One is that they can potentially generate significant pain during therapy; another is that actually they are so active that even dim light (60-watt bulb) can lead to severe skin photosensitivity [18] . In searching for new and better PSs, the following requirements have been generally accepted as criteria for suitable PS agents, including chemical purity and known composition, lack of dark toxicity, preferential retainment to the target tissue, rapid pharmacokinetics, high quantum yield for photochemical event, minimal skin photosensitivity, commercial availability, and regulatory approval for clinical application. Although several commercially available and regulatory-approved PSs have achieved clinically successful outcomes, no PSs excellently approach these characteristics [19] . Generally, the significant limitations of PDT include inability to deliver adequate light doses to the target and unavailability of suitable PSs. It is suggested that improvement of more efficient PSs can be aided by synthesis of the compounds with strong absorption bands in the nearinfrared (NIR) region of the spectrum [20] .
Effects of the Combined Treatment
As malignant diseases continue to plague humanity, significant effort should be invested in establishing optimal combination modalities for improving the efficacy and therapeutic effects of anticancer therapy. It is suggested that some PDTresistant tumor cells are more sensitive to ionizing radiation and some radiation-resistant tumor cells are sensitive to PDT [21] . Meanwhile, it is well known that photocytotoxic damage is caused by the singlet oxygen acting on the cell membranes, while the principal target for ionizing radiation-induced cell killing is nuclear DNA [22] . Therefore, PDT and RT induce damage on different targets. A synergism between them in killing cells might improve tumor control [23] . Taking into account these findings, it appears of particular interest to evaluate the antitumor effect of the innovative combination therapy. It is of importance since the potential damage caused by RT to normal issues can be minimized if the ionizing radiation dose can be reduced while maintaining the desired tumor suppression effect. For this purpose, the effects of indocyanine green (ICG) as a sensitizer following combined treatment with RT and PDT in MCF-7 human breast cancer cells were evaluated by Montazerabadi et al. The results showed that a combination of low doses (50 M ICG, 60 J/cm 2 light, and 4 Gy X-ray radiation) astonishingly resulted in the death of cancer cells and reduced the percentage of viable cancer cells to be 3.42%. The adverse effects of PDT in combination with RT were partially abated, without a reduction in the efficacy of treatment [21] . Similar results were obtained using mitoxantrone (MX) as a sensitizer following combined treatment with RT and PDT in the MCF-7 cells by the same work team. It appeared that the combination modality had a strong cytotoxic effect and dose-dependent response on MCF-7 cells. Furthermore, the combination of PDT at 10 J/Cm 2 and 4 Gy of X-ray radiation strongly reduced the percentage of viable cancer cells to 2.4 ± 1.15 [10] . In an agreement with previous studies, Ghoodarzi et al. have shown consistent results recently [24] . Summarizing the data, this new type of combined treatment may open a new door for cancer treatment.
There have been a number of attempts to examine the interaction of PDT and RT; however, the previous results presented were indeterminate. In some previous reports, the cumulative effects of the combination therapy with PDT and ionizing radiation were purely additive and did not show any synergistic effect [25, 26] . However, evidence of a synergistic interaction has been shown in other investigations. Bowen's disease (BD) (also known as "squamous cell carcinoma in situ") is a neoplastic skin disease that is considered as either an early stage or intraepidermal form of squamous cell carcinoma. In addition to surgical resection, PDT and RT were effective for the treatment of BD [27] . Particularly for the topical 5-aminolevulinic acid-(ALA-) PDT, which was widely used for treating BD, the cure rate was estimated to be 80-100% [28] . A combination of ALA-PDT and RT was administered for the treatment of BD, to overcome the limitations of conventional therapies, such as a relatively high recurrence rate, tumor cell persistence, and nonhealing ulcers, especially in the lower extremities [29] . It was promising that the combination therapy improved the effectiveness of ALA-PDT against BD and the synergetic effect of the therapy reduced the irradiation dose without causing any skin side effect [30] . In addition, it was also reported that the combined modality treatment by PDT with verteporfin and RT showed a significant enhancement in cytotoxicity compared with either PDT or RT alone [31] .
Mechanisms
The exact mechanisms for the conflicting results of the combination therapy were unclear. Prinsze et al. [32] suggested that the synergistic interactions could be explained by the cell line differences in the sensitivity to PDT-induced inhibition of DNA repair. PDT resulted in inhibition of DNA repair in some cell lines, whereas in others DNA repair was insensitive to PDT. Furthermore, the dose and the time between the administration of the PS and tumor irradiation played an important role in the interaction of PDT and RT. Wang et al. [33] demonstrated that approximately half of the radiationinduced damage was repaired in the first 5 min, whereas the remainder was repaired within 30 min. This was totally consistent with the finding that the percentage of viability potentially reduced when hematoporphyrin treated cells were irradiated simultaneously with light and X-rays [34] .
In Vivo Studies
Cell culture and animal studies indicated a possible synergistic effect of combining PDT with RT. Unfortunately, there had been only limited investigation using in vivo models. PDT in vivo starts with application of PS systemically or topically. Then PS selectively accumulates in the neoplastic lesions and a light of appropriate wavelength activates the PS and generates 1 O 2 , leading to tumor ablation ( Figure 3 ) [35] . From a literature, thirty-two patients with histologically proven non-small-cell bronchogenic tumor and bulky endobronchial tumor were treated using a combination of PDT (Photofrin, 2 mg/kg) and brachytherapy. Six weeks after PDT, brachytherapy was applied with five fractions of 4 Gy at weekly intervals. All patients were alive after a mean of 24 months. The combined treatment regimen failed to eradicate the tumor in only one patient and distant metastases developed in two of the six patients. It was concluded that combined treatment with PDT and brachytherapy was safe and had excellent therapeutic efficacy [36] . Kusuzaki et al. investigated the usefulness of a unique modality of PDT using acridine orange (AO-PDT), including intralesional or partially marginal tumor excision and fluorescence-microscopic curettage using the fluorovisualization effect, with/without 5 Gy radiation, in 10 patients with musculoskeletal sarcoma. The follow-up of the patients ranged from 24 to 48 months. The results revealed that all the patients (AO-PDT alone: 5, AO-PDT with 5 Gy radiation: 5) are alive. The recurrence rate was 10%, which is almost the same as that after wide tumor resection. None of the 5 patients who received AO-PDT with radiation developed local tumor recurrence. The limb function in all the patients, except for one, recovered to the level before surgery. None of the patients clinically showed any severe complications, such as skin hypersensitivity to light. Hence, the combination therapy of AO-PDT and lowdose RT may be a promising new limb salvage modality to achieve satisfactory improvement of limb function in patients with malignant bone and soft tissue tumors [37] .
However, an unacceptable high rate of complications of PDT was described in 3 patients with carcinoma of the upper aerodigestive tract. Two patients received prior treatment with external beam irradiation (55.8 and 50.4 Gy) and intraluminal brachytherapy (IB) (12 Gy and 35 Gy at 1 cm), followed by PDT for treatment of recurrence. One patient was treated with external beam irradiation (60 Gy) followed by IB (36.1 Gy at 1 cm) and then received PDT for recurrence. Unfortunately, one patient had a tracheoesophageal fistula requiring stent placement, another developed quadriplegia due to an epidural abscess, and a third had fatal pulmonary arterial hemorrhage. Loss of a critical number of cells and changes in the biochemical microenvironment, which may play a role in the development of late tissue changes and additive toxicity, were the possible mechanisms of the toxicity of the combined therapy [38] . One thing has to be mentioned; all these three patients received higher radiation dose than usual, so it is hard to comment on the relationship between the severe complications and the application of PDT. The results are to some extent ambiguous; the degree of interaction appears to depend on numerous parameters, including the type of pathology, the dose and dose rate of both ionizing radiation and light, and the sequence and timing of treatments. This new therapeutic avenue for tumor therapy merits further controlled trials for application in human in future.
Promising Emerging Approaches
Novel ways were being explored to overcome the inadequacies of the conventional PDT and RT treatment. Nanoparticles are multifunctional molecules with diameters varying between 1 and 1000 nm [39] . In the nanoparticle-based approach, the sensitizer is encapsulated or immobilized on the nanoparticle surface using covalent/noncovalent interactions. The use of nanoparticles as carriers of PS might bring challenging new solutions to the PDT as nanomaterials can satisfy all the requirements for an ideal PDT agent [40] . The advantage of this approach is a more direct and specific localization of the PS to the tumor site with increased efficiency and selectivity [41] . The promising emerging approach of using nanoparticles to enable the combination of PDT with RT for deep cancer treatment was proposed by Chen and Zhang in 2006 [42] . Under this concept, luminescent nanoparticles were utilized for the delivery of PS such as porphyrin. Upon simulation by X-rays, the nanoparticles emit scintillation or persistent luminescence to activate the PS to generate singlet oxygen. The novel strategy described in this study involves the use of in vivo luminescent nanoparticles so that an external light source is not necessary to activate the photosensitizing agent within tumors. Moreover, highenergy beams such as X-rays can penetrate deep tissue easily; therefore, after the PDT activation by X-ray, it will be feasible for deep cancer treatment (Figure 4) .
The use of X-ray induced luminescence nanoparticles for PDT activation, permitting treatment of deeper tumors, has become a hot topic for cancer treatment. X-ray-activated PDT can combine with RT for treatment enhancement was confirmed by the following examples. LaF 3 :Ce nanoparticles were synthesized by a wet-chemistry method in dimethyl sulfoxide (DMSO), and their application as an intracellular light source for PDT activation was demonstrated. Emission spectrum of the Ce 3+ -doped lanthanum (III) fluoride (LaF 3 :Ce 3+ ) is effectively overlapped with the absorption of protoporphyrin IX (PPIX). Upon irradiation with X-rays (90 kV), LaF 3 :Ce 3+ and PPIX nanocomposites induced oxidative stress, mitochondrial damage, and DNA fragmentation on prostate cancer cells (PC3) [43] . Meanwhile, copper-cysteamine complex (Cu-Cy) nanoparticles were exploited as a new structured photosensitizer that could be activated both by light and by X-ray. The Cu-Cy nanoparticles could be effectively activated by X-rays (1∼ 8 Gy) to produce singlet oxygen. In vitro and in vivo study on human breast cancer cells (MCF-7) have demonstrated significant cell destruction using Cu-Cy nanoparticles under Xray activation. The Cu-Cy nanoparticles have several unique characteristics, such as low cytotoxicity, easiness of synthesis, and fabrication at the nanoscale to increase water solubility and cellular uptake. Overall, a novel and promising X-ray activated Cu-Cy PS could enable PDT for both shallow and deep cancers [44] .
Several possible drawbacks still contribute to the unsatisfying efficacy concerning the use of X-ray excited PDT. PSs used are usually porphyrins or relevant derivatives which possess maximal absorption around 400 nm. Lanthanidedoped nanoparticles often exhibit strong emission between 450 and 600 nm, which could not efficiently excite the absorption band of the attached PS to induce an efficient singlet oxygen generation. Second, the methods for the construction process of nanocomposites are usually complicated and the luminescence efficiency of scintillating particles will be attenuated during the conjugation procedures [45] . Moreover, more than 2 Gy X-ray irradiation was usually needed to achieve the desired treatment effects in the aforementioned approaches, a dose that is comparable to or even higher than daily dose in the conventionally fractioned RT in clinic. The novel methods for further enhancing the efficiency of the nanoparticle-based combined therapy are emerging. A novel hybrid nanosystem was proposed based on biocompatible inorganic SiC/SiO core/shell nanowires conjugated via click-chemistry procedures with an organic PS, a tetracarboxyphenyl porphyrin derivative. The system is an efficient source of 1 O 2 for cell oxidative stress when irradiated with 6 MV X-rays even in extremely low-dose irradiation (0.4 Gy) [46] . The integrated nanosystem, which consisted of a core made of SrAl 2 O 4 :Eu 2+ (SAO) and a mesoporous silica coating loaded with PS (merocyanine 540), was used for X-ray-to-visible conversion to activate the PS. Upon low X-ray irradiation (0.5 Gy), efficient tumor shrinkage was caused while leaving the normal tissues unaffected in murine U87MG xenograft models [47] . Mesoporous LaF 3 :Tb scintillating nanoparticles (ScNPs) were successfully synthesized by a facile hydrothermal process. The main absorption of watersoluble PS molecules named Rose Bengal (RB) at 549 nm overlaps exactly with the main emission band of LaF 3 :Tb ScNPs at 544 nm. The Försterresonance energy transfer (FRET) efficiency between ScNPs and RB was calculated to be 85%. Overall, the LaF 3 :Tb-RB FRET system possesses several advantages including well-defined nanostructure, optimized scintillating luminescence, admired spectrum overlap, simple drug loading approach, good water solubility, and ultra colloidal stability. Hence, this system shows great potential to be applied in X-ray stimulated PDT for deep-seated tumors in the future [45] . The exploration of luminescence-activated PDT employing afterglow luminescence combined with scintillation luminescence is a novel concept for further enhancement of the PDT and RT [48] . The afterglow can be charged by irradiation for a few seconds. In this case, even if the Xray source is off, the PDT is still active because of the long afterglow from the selected nanoparticles. This will provide an efficient, simple, convenient, and inexpensive in vivo light source for PDT treatment. It is demonstrated that 2-deoxy-2-
, which is a metabolic activitybased positron emission tomography (PET) probe, could be used as an alternative light source for photoactivation. A promising way to address depth can be accomplished noninvasively with Cherenkov radiation, by moving the light source colocalizing with photoactive agents in vivo [15] .
These approaches are expected to find wide application in the clinic, especially for tumors that are resistant to RT. However, appropriate particle dimension and optimized surface features are needed for practical applications, since the size of particles should be large enough to prevent rapid leakage in blood capillaries and small enough to escape the capture of macrophages in the reticuloendothelial system (RES). Furthermore, combination nanomedicines can be further modified with antibody or other tumor targeting molecules to increase tumor deposition and reduce toxicity in adjacent normal tissue [49] .
Conclusions and Outlook
In summary, we have reviewed the innovative combination therapy of RT and PDT, which is utilized to overcome the weaknesses of the conventional RT and PDT treatment regimen. Novel PS and light sources are being developed; moreover, impressive progress in understanding of tumor cell biology raises hopes for further improvements in this promising combined method of cancer treatment. The effects of combined RT and PDT have currently been studied primarily inin vitro systems consisting of monolayer cell cultures. For future clinical applications, one of the challenging issues is to ensure that light dose can be adjusted according to the size and depth of the tumor within the body. PS dose can be adjusted according to the sex, weight, and age of the patients who are likely to receive RT and PDT concurrently. The other challenging issue is to determine what radiation dose is sufficient in vivo to generate enough light for PDT and the accurate time interval between administration of PDT and administration of RT. Lastly, although data on the complications of PDT as de novo treatment is available in the literature, there is little information on toxicity in PDT patients who have been treated with RT [50] . The toxicity of the combined therapy in patients should be further identified in future.
